Using the magnitude of phase shift of circadian locomotor rhythms induced by a single pulse of white fluorescent light, we compared the sensitivity of the circadian system to light in retinally degenerate mice and in normal mice. In the first experiment, phase response curves (PRCs) for 10lux white light were generated in CBA/J mice with retinal degeneration ( rd/rd ) and CBA/N mice with normal retinas (+/+). Although large phase delays early in the subjective night and small phase advances in the late subjective night were observed in CBA/N mice, CBA/J mice showed only small phase delays early in the subjective night. In the second experiment, we found that the magnitude of phase shifts at circadian time (CT) 16 for delays and CT 24 for advances in CBA/J mice became larger with increasing light intensity, and that CBA/J mice could show the same amount of phase shift as CBA/N mice when higher intensities were used. These findings indicate that the differences in the shapes of PRCs are not due to differences in the nature of the oscillating system, but to differences in circadian photosensitivity between these strains. Because the genetic background for the rd loci was not completely identical in the CBA/N and CBA/J mice, it was possible that genes other than the rd gene might have caused different photosensitivity in these mice. Therefore, in the last experiment, we studied the circadian photosensitivity in F 1 hybrids between CBA/N and CBA/J mice and in the backcross progeny with different genotypes (+/ rd and rd/rd ) obtained from the crossing between F 1 hybrids between CBA/N and CBA/J mice and in the backcross progeny with different genotypes (+ / rd and rd/rd ) obtained from the crossing between F 1 and CBA/J mice. In these mice with heterogeneous genetic backgrounds as well, mice with retinal degeneration were always less sensitive to light, suggesting that reduced circadian photosensitivity is caused by retinal degeneration. These results are discussed in relation to recent findings in retinally degenerate C57BL mice, which have been found to have normal circadian sensitivity to light. Circadian rhythms, observed in a wide variety of physiological and behavioral parameters, are generated by an internal biological clock and have periods close to 24 hr. These endogenous rhythms are synchronized to external cycles, especially the light-dark (LD) cycle. In nonmammalian vertebrates, extraretinal photoreceptors such as the pineal gland and encephalic photoreceptors are known to contribute to entrainment of the circadian system to LD cycles. However, in mammals light is exclusively received by the eye, and photic entrainment of circadian rhythms is mediated only by the eye (Menaker and Binkley, 1981; Nelson and 1. Present address:
Zucker
. Although the rods and cones of the retina mediate visual image formation, it is unknown whether these photoreceptors are involved in entrainment of circadian rhythms. In hamsters, action spectra for the phase shift of circadian locomotor rhythms by a single light pulse were found to have a maximum near 500 nm and to resemble the spectral sensitivity curve for rhodopsin (Takahashi et al., 1984) . This result may suggest a rhodopsin-based photopigment mediates entrainment of circadian rhythms, but the photoreceptive system for controlling circadian rhythms is markedly different from that involved in visual image formation: The threshold of the phase shift response is considerably higher, and the reciprocal relationship between intensity and duration is maintained for up to 45 min.
Inherited retinal mutations provide excellent systems for the study of circadian photoreceptors. The autosomal recessive gene for retinal degeneration (rd) is particularly useful, because the characteristics of the rd retina are well investigated and several strains possess this mutation (Sidman and Green, 1965; Carter-Dawson et al., 1978; Drager and Hubel, 1978; Festing, 1979; Bowes et al., 1990; Foster et al., 1991; Pittler et al., 1993) . According to Carter-Dawson et al. (1978) , most of the rods in rd mice degenerate rapidly within the first week after birth, and disappear completely by about 7 weeks of age. The cone, however, degenerates much more slowly, and some (about 1.5-5% of the original population of cone nuclei) survive up to at least 18 months of age. The defect is caused by an accumulation of cGMP in the rd mouse rod photoreceptors, due to mutation of the gene encoding the (3 subunit of rod cGMP-phosphodiesterase (Bowes et al., 1990) .
Recently, Foster et al. (1991) have shown that circadian sensitivity to light in retinally degenerate C57BL mice (rdlrd) is essentially identical to that of C57BL mice ( +/ + and + /rid) with normal retinas, suggesting that rod photoreceptors may not mediate circadian responses to light. However, in a previous study of ours, C3H mice with retinal degeneration (rdlrd) showed lower photosensitivity than normal C57BL mice when we compared effective light intensities for entrainment of locomotor rhythms to LD cycles (Ebihara and Tsuji, 1980) . Reduced sensitivity in rd mice has also been demonstrated in pineal melatonin suppression by light in experiments using C3H mice (rdlrd) and normal CBA mice (Goto and Ebihara, 1990 ).
In the present research, we compared circadian photosensitivity between two sublines of CBA mice (CBA/N-+ / + and CBA/Jrdlrd), using the amount of phase shift of circadian locomotor rhythms induced by a single light pulse, which is the same assay as used by Foster et al. (1991) .
MATERIALS AND METHODS

ANIMALS AND HOUSING
Only male mice were used in the present study. Seven-week-old male CBA/J (rdlrd) and CBA/N ( + / + ) mice were purchased from Clea Japan (Tokyo, Japan) and Shizuoka Laboratory Animal Center (Hamamatsu, Japan), respectively. Before they were shipped to our university, these mice were housed in LD 12:12 with a light intensity of 200-300 lux in the colony rooms of these companies. (CBA/J x CBA/N) F, and backcross mice (Fl x CBA/J) were bred in our colony room in LD 12:12. The light intensity during the light phase in the room was about 100 lux, and no light was provided during the dark phase. The light sources were fluorescent lamps. For measuring activity rhythm, the mice were main-tained in individual cages equipped with running wheels, and the cages were placed in a light-tight box (47.5 cm x 139.5 cm x 45 cm) that could accommodate 6 cages. Light in the box was provided by fluorescent lamps, and the light intensity measured at the bottom of the cage was 100-500 lux. Wheel-running behavior was continuously recorded by either an event recorder or a computer system (Chronobiology Kit, Stanford Software Systems, Stanford, CA, USA).
LIGHT PULSE
For the light pulse, each mouse was taken from the cage and put into a steel mesh cage (16 x 10 x 11.5 cm), then placed in the box (37 x 56 x 33 cm) designed for the light pulse experiment. The inside of the box was papered with black sheets. The lighting in the box was produced by 10-W white fluorescent lamps (FL IOW, Toshiba, Tokyo, Japan). Fluorescent lamps were masked with neutral density filters (No. 211, Lee Filters Ltd., U.K.) in order to produce different light intensities. Light intensities at the cage bottom were measured with a digital photometer (IM-2D, Toshiba, Tokyo, Japan) and a optical power meter (model S371) with a radiometric detector/filter head (model 247) (UDT, Orlando, FL, USA). An infrared viewer (IR scope, Hamamatsu Photonics, Hamamatsu, Japan) was used for all manipulations in darkness. Seven-week-old CBA/J (rdlrd ) and CBA/N ( + / + ) mice were maintained in LD 12:12 for 2 weeks and then transferred into constant darkness (DD). The first light pulse was given at 11 weeks of age, and the last pulse was given at 17-18 weeks of age. Mice were exposed to 10 lux (about 8 f.L W/cm2) white fluorescent light for 30 min at various circadian times (CTs), and the magnitude of phase shift induced by the light pulse was measured. Phase shifts were determined by measuring the phase difference between eye-fitted lines connecting the onsets of activity for approximately 10 days before and after light pulses. Transients occurring before a steady-state phase shift was achieved were not taken into account to determine phase shifts. Each mouse received a single light pulse a total of four times (each pulse was at a different CT), with at least a 2-week rest interval between pulses. Onset of activity (CT 12) was used as a phase reference, and CT for the light pulse was predetermined before the light pulse and finally determined after the pulse. Circadian periods (T) were obtained by eye-fitting a line to the steady-state circadian rhythm for about 10 days. The amount of phase shift was expressed either in hours of real time or in degrees of arc normalized by multiplying by a factor of 360/T. CBA/J (rdlrd ) and CBA/N ( + / + ) mice ( 11-18 weeks old at the time of receiving the light pulse) were used. Mice were exposed to white fluorescent light at three different intensities (10 lux, 8 p,W/cm2; 100 lux, 35 wW/cm2; 1000 lux, 480 f.LW/cm2) for 30 min at CT 16 and CT 24. These CTs were chosen because large phase delays and advances occurred at CTs 16 and 24, respectively. EXPERIMENT 3 : CIRCADIAN PHOTOSENSITIVITY OF F, (+/rd) ' 
AND BACKCROSS ( + lrd AND rdlrd) MICE
For the third experiment, F1 mice (+ /rd) were obtained from the matings between male CBA/N ( + / + ) and female CBA/J (rdlrd ) mice, and the female Fl mice were crossed with male CBA/J mice to obtain heterozygous (+/rd) and homozygous (rdlrd ) mice. Mice used in this experiment were maintained in our colony room before being placed in the lighttight box where wheel-running activity was measured. They were kept in LD 12:12 for 2 weeks and then released into DD. After free-running for 2 weeks in DD, they were exposed to 10-lux white fluorescent light for 30 min at CT 16, and the magnitude of phase shift was measured. The retinas of all backcross mice were prepared for histological examination (5-JLm sections stained with hematoxylin and eosin), and the genotypes of the mice were determined. The retinas of CBA/N and CBA/J mice and their F1 progeny were also examined to confirm the genotypes of these mice. Although CBA/N mice showed large-amplitude phase shifts, only small phase shifts were observed in CBA/J mice. The phase response curve (PRC) of CBA/N mice had a large phase delay area, but the advance area was small (Fig. 1 ). The maximum phase delay and advance were observed at CT 18 and CT 24, respectively, in CBA/N mice. In CBA/J mice, light pulses from CT 14 to CT 20 induced small phase delays, but phase advances were not induced. Although 10-lux light pulses at CT 16 could induce an almost saturated level of phase delays in CBA/N mice, the size of phase delays in CBA/J mice increased with light intensities, and 1000 lux was required to induce the maximum phase delay (Fig. 2 ). Significant differences in phase delays between CBA/N and CBA/J mice were observed in the shifts caused by 10 and 100 lux (p < 0.05), whereas the saturated levels of phase delays of the two strains were almost the same. At CT 24, light pulses of 100 lux could induce a saturated level of FIGURE 1. PRCs for 10-lux white fluorescent light pulses in CBA/N ( + / + ) and CBA/J (rdlrd ) mice. Upper two panels show phase shifts measured in hours of real time. In the two lower panels, the data are shown in degrees and averaged over 2-hr bins of CT. Phase advances and delays are plotted as positive and negative values, respectively. phase advances in both strains of mice. There were significant differences in the amplitude of phase advances between CBA/N and CBA/J mice at 10 and 100 lux (p < 0.05).
EXPERIMENT 3 : CIRCADIAN PHOTOSENSITIVITY OF F1 (+/rd) AND BACKCROSS ( + Ird AND rdlrd) MICE Histological examination indicated that Fl and CBA/N mice had normal retinas and that backcross mice had either normal or degenerated retinas. Retinal degeneration of backcross mice was not histologically distinct from that of CBA/J mice. As Figure 3 indicates, mice with normal retinas (+/rd) showed large phase delays, whereas retinally degenerate mice (rdlrd) did not show large phase shifts. The mean values of phase shifts in the mice with normal retinas (F1, CBA/N, and backcross + /red) were not significantly different from one another (p > 0.05), but were significantly different from those of retinally degenerate mice (backcross rdlrd and CBA/J) (p < 0.05) (Table 1) . Between the two strains of retinally degenerate mice, no significant differences in the amount of phase shift were observed (p > 0.05). DISCUSSION . , , .. < Distinct differences with regard to the amplitude of PRCs for a 10-lux light pulse were observed between CBA/N and CBA/J mice. It is obvious that the differences in the amplitude FIGURE 2. The mean phase shifts (± SEM) at CT 16 for delays and CT 24 for advances are shown as a function of the intensity of light pulses. The data are shown in degrees. The numbers of animals in each group are shown. of PRCs are not due to the different natures of their oscillating systems, but to different circadian photosensitivity in these strains. The amount of phase shift became larger with increasing light intensity, and the same amount of phase shift could be induced when higher light intensities were used in CBA/J mice.
Photosensitivity of CBA/J mice was reduced for both phase advances and phase delays and both types of shifts could respond to increasing light intensity. This may suggest that the photoreceptor(s) involved in phase advances and delays of circadian rhythms are the same.
In CBA/N mice, the amount of phase shift for a 100-lux pulse tended to be higher than that for a 1000-lux pulse. This may be due to the constriction of the pupil by very bright light, which causes reduction of the light received by the retina (Trejo and Cicerone, 1982; Foster et al., 1991) . As a result, the retina may receive more light when exposed to 100 lux than when exposed to 1000 lux.
Although the two strains used in the present study were both CBA mice, genetic background for the rd loci was not identical, because these mice had not been bred as congenic strains. Therefore, we mixed the genetic background of the two strains by crossing, producing Fj and backcross mice; we then examined effects of the rd gene on circadian photosensitivity. In these mice with heterogeneous genetic backgrounds as well, small phase shifts were observed in retinally degenerate mice and normal mice showed large phase shifts, which suggests that reduced photosensitivity is associated with retinal degeneration. However, we cannot totally exclude the possibility that another gene very closely linked to the rd gene is responsible for reduction of circadian photosensitivity. A decline of circadian FIGURE 3. Effects of a single white fluorescent light pulse (10 lux for 30 min) at CT 16 (asterisks) on the phase of the circadian rhythm of locomotor activity in F, ( + / rd) mice, and in heterozygous ( + / rd ) and homozygous (rdlrd ) backcross mice. photosensitivity in rdlrd mice has already been shown in our previous studies, in which effective light intensities for entrainment of circadian locomotor activity rhythms to LD cycles and pineal melatonin suppression by light were compared in retinally degenerate mice and wild-type mice (Ebihara and Tsuji, 1980; Goto and Ebihara, 1990) .
However, Foster et al. (1991) have recently demonstrated that circadian photosensitivity of C57BLl6J-rdlrd mice is not reduced, and therefore is not distinguishable from that of C57BL/6J mice with normal retinas (+ /rod and + / + ). The sensitivity of these mice is about the same as CBA/N mice, while CBA/J mice are less sensitive to light. One difference in experimental procedure between Foster et al.'s (1991) research and the present research was the quality of light used for the photic stimulation. Foster's group used monochromatic light (515 nm) for a 15-min light pulse, whereas we used white fluorescent light. Therefore, we tested a monochromatic light pulse (30 min, 500 nm, 1 f.LW/cm2) in order to assess the reason for the discrepancies. We found that CBA/N mice showed large phase delays (1.66 ± 0.34 hr, mean ± SEM; n = 9) and CBA/J mice showed only small shifts (0.24 ± 0.32 hr; n = 9) at CT 16, which was the same result as that obtained in the experiment using white light pulses. Reduced circadian photosensitivity of CBA/J mice was also confirmed in the experiment using monochromatic light by Foster's group (personal communication) .
These findings may suggest that the discrepancies in results between CBA mice and C57BL mice are not due to experimental procedures, but rather to the strains used for the experiments (CBA vs. C57BL). One possible explanation for the discrepancies is that CBA/J mice do not carry the rd gene, but possess another gene (or genes) that produces similar phenotypic effects on the retina. Therefore, we examined whether the two genes are identical by examining the retinas of F, hybrids between C57BL-rdlrd and CBA/J mice. Since the F1 mice had degenerate retinas and no complementation was observed, it is obvious that the two genes are identical. Recently, use of a polymerase chain reaction analysis has proved that CBA/J mice carry the rd gene (Pittler et al., 1993) . Another possible explanation is that the pupils of CBA/J mice are kept in a closed state, which results in reduction of the number of photons getting through the pupil. However, we could observe the pupil reflex in CBA/J mice under a microscope. In addition, CBA/J mice, the pupils of which were kept in an open state by applying 0.8% atropine sulfate (Wako Pure Chem., Osaka, Japan) 15 min before a 10-lux white fluorescent light pulse (30 min) at CT 16, showed small phase shifts (A<~ = -0.65 ± 0.18 hr, mean ± SEM; n = 6) that were similar to those of CBA/ J mice without atropine (A<~ = -0.73 ± 0.22 hr; n = 7) (p > 0.05). Therefore, other reasons should be considered. It is known that different genetic background affects the phenotype of the gene. If this is true, then it is possible that the circadian photoreceptors in the retinas of CBA mice may be more severely damaged by the rd gene than those of C57BL mice.
Although our results cannot exclude the possibility that the rods mediate circadian photoreception, recent studies using transgenic mice have clearly shown that rod photoreceptors are not required for circadian responses to light (Foster et al., 1993) . Therefore, it is likely that the cones or unidentified photoreceptors within the retina mediate circadian light detection. If the cones are involved, the cone photoreceptors of CBA/J-rd/rd mice should degenerate much faster than those of C57BL-rd/rd mice, although it was shown that circadian photosensitivity of old C57BL-rdlrd mice which have very small cone cells is identical to that of normal C57BL mice (Foster et al., 1991) . If unrecognized photoreceptors mediate circadian photoreception, the rd gene should affect those unknown photoreceptors of CBA/J mice, but should not affect those of C57BL mice. In any case, further studies are required to determine circadian photoreceptors. In this respect, it has been particularly interesting to use the two strains showing distinct circadian photosensitivity in these studies.
